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Spontaneous breaking of inter-family (horizontal) gauge symmetries can be at the origin of
the mass hierarchy between the fermion families. The corresponding gauge bosons have flavor-
nondiagonal couplings which generically induce the flavour changing phenomena, and this puts
strong lower limits on the flavor symmetry breaking scales. However, in the special choices of chi-
ral horizontal symmetries the flavor changing effects can be naturally suppressed. For the sake
of demonstration, we consider the case of leptonic gauge symmetry SU(3)e acting between right-
handed leptons and show that the respective gauge bosons can have mass in the TeV range, without
contradicting the existing experimental limits.
1. The replication of fermion families is one of the
main puzzles of particle physics. Three fermion families
are in identical representations of the Standard Model
(SM) gauge symmetry SU(3) × SU(2) × U(1). Its elec-
troweak (EW) part SU(2) × U(1) is chiral with respect
to fermion multiplets: the left-handed (LH) leptons and
quarks, `Li = (νi, ei)L and QLi = (ui, di)L, transform
as weak isodoublets while the right-handed (RH) ones
eRi, uRi, dRi as isosinglets, i = 1, 2, 3 being the family
index. The chiral fermion content of SM has a remark-
able feature that the fermion masses emerge only after
spontaneous breaking of SU(2) × U(1) by the vacuum
expectation value (VEV) 〈φ0〉 = vw = 174 GeV of the
Higgs doublet φ, via the Yukawa couplings
Y ije φ `LieRj + Y
ij
d φQLidRj + Y
ij
u φ˜ QLiuRj + h.c. , (1)
where Ye,u,d are the Yukawa constant matrices, and
φ˜ = iτ2φ
∗. The fermion mass matrices Mf = Yfvw,
f = e, u, d, can be diagonalized via bi-unitary trans-
formations V †LfMfVRf = M
diag
f . The masses of lep-
tons me,mµ,mτ and quarks mu,md, . . . are the eigen-
values of these mass matrices. The “right” matrices
VRf have no physical meaning in the SM context while
the “left” ones VLf determine the mixing matrices in
charged currents coupled to weak W± bosons, namely
VCKM = V
†
LuVLd for quarks. However, no flavor mixing
emerges in neutral currents coupled to Z boson and Higgs
boson. In this way, the SM exhibits a remarkable feature
of natural suppression of flavor-changing neutral currents
(FCNC) [1]: all FCNC phenomena are suppressed at tree
level and emerge exclusively from radiative corrections.
At present, the majority of experimental data on flavor
changing and CP violating processes are in good agree-
ment with the SM predictions. There are few anomalies,
not definitely confirmed yet, which could point towards
new physics beyond the Standard Model (BSM).
In a sense, the SM is technically natural since it can
tolerate any Yukawa matrices Y ijf , but it tells nothing
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about their structures which remain arbitrary. So the
origin of the fermion mass hierarchy and their weak mix-
ing pattern remains a mystery.
2. The key for understanding the fermion mass and mix-
ing pattern may lie in symmetry principles. One can
assign, e.g. different charges of abelian flavor symme-
try U(1) to different fermion species [2], or one can in-
troduce non-abelian horizontal gauge symmetries GH as
e.g. SU(3)H [3–5] with the flavor gauge fields dynami-
cally marking the family indices. Such a gauge theory of
flavor can be considered as quantum flavordynamics, pro-
vided that it is built in a consistent way and sheds some
more light on the origin of the fermion mass hierarchy.
Namely, one can envisage that the form of the Yukawa
matrices in (1) is related to the VEV structures of hor-
izontal scalar fields (known also as flavons) which spon-
taneously break GH , and the fermion mass hierarchy
emerges from the hierarchy between the scales of this
breaking. In Ref. [4] this conjecture was coined as hy-
pothesis of horizontal hierarchies (HHH). It implies that
the fermion masses cannot be induced without break-
ing GH so that it cannot be a vector-like symmetry,
but it should have a chiral character transforming the
LH and RH particle species in different representations.
In such a picture the fermion Yukawa couplings should
emerge from the higher order “projective” operators con-
taining flavon scalars which transfer the VEV pattern of
flavons to the structure of the Yukawa matrices Yf . In the
UV-complete pictures such operators can be induced via
renormalizable interactions after integrating out some ex-
tra heavy fields, scalars [3] or verctor-like fermions [4, 5].
In the context of supersymmetry, such horizontal symme-
tries can lead to interesting relations between the mass
spectra of fermions and their superpartners and naturally
realize the minimal flavor violation scenarios [6, 7].
Discovery of the flavor gauge bosons of flavor and/or
related FCNC effects would point towards new BSM
physics of flavor. However, a direct discovery at fu-
ture accelerators can be realistic only if the scale of GH
symmetry breaking is rather low, in the range of few
TeV. Therefore, the following questions arise: (i) for
which choice of symmetry group GH one can realize the
ar
X
iv
:1
81
2.
05
41
4v
1 
 [h
ep
-p
h]
  1
3 D
ec
 20
18
2HHH paradigm, relating the fermion mass hierarchy to
its breaking pattern, and (ii) which is the minimal scale
of GH symmetry allowed by present experimental limits,
and namely, can this scale be low enough to have GH
flavor bosons within the potential experimental reach?
3. In the limit of vanishing Yukawa couplings, Yf → 0,
the SM acquires a maximal global chiral symmetry
U(3)` × U(3)e × U(3)Q × U(3)u × U(3)d (2)
under which fermion species transform as triplets of in-
dependent U(3) groups respectively as `L ∼ 3`, eR ∼ 3e,
etc. The Yukawa couplings (1) can be induced by the
VEVs of flavons in mixed representations of these sym-
metry groups. One can consider the higher order opera-
tors such as e.g. for leptons
Xe
M
φ`LeR + h.c. (3)
where Xe ∼ (3`, 3¯e) is a flavon in mixed representation
of U(3)` × U(3)e which can be also viewed as composite
tensor product 3` × 3¯e of scalars in fundamental repre-
sentations of U(3)` and U(3)e.
In the SM extensions the maximal flavor symmetry (2)
reduces to a smaller symmetry. E.g. in the context of
SU(5) grand unified theory (GUT) which unifies `L and
dcL fragments of each family in 5¯-plets and e
c
L, u
c
L and
QL fragments in 10-plets (ψ
c
L = CψR
T
, C is a charge
conjugation matrix), the maximal symmetry reduces to
two factors U(3)` × U(3)e:
5¯L = (`, d
c)L ∼ (3`, 1), 10L = (ec, uc, Q)L ∼ (1, 3¯e) (4)
In the context of SO(10) GUT all fermions of one family
including the RH neutrino NR reside in the spinor mul-
tiplet 16L = (5¯ + 10 + 1)L. Hence, there can be only one
chiral symmetry U(3) between three families of 16-plets,
with all LH fermions `L, QL transforming as triplets and
the RH ones NR, eR, uR, dR as anti-triplets, in the spirit
of chiral horizontal SU(3)H of Refs. [3–5]. For predictive
models based on SO(10)× SU(3)H see e.g. in Refs. [8].
It is tempting to consider some part of the maximal
flavor symmetry (2), or its GUT-restricted versions, as
a gauge symmetry GH . Gauging of chiral U(1) factors
is difficult since they are anomalous with respect to the
SM.1 Therefore, we consider a situation in which only
some of non-abelian SU(3) parts in (2) are gauged. In
particular, in this paper we concentrate on the lepton sec-
tor and discuss a simple model with a gauge symmetry
GH = SU(3)e transforming the RH leptons as a triplet
eRα = (e1, e2, e3)R, while the LH leptons `Li = `1,2,3 have
no symmetry and i = 1, 2, 3 is just a family number.2 We
1 However, there are models in which string-inspired anomalous
gauge symmetry U(1)A is used as a flavor symmetry [9].
2 Alternatively, one could say that also SU(3)` is a gauge symme-
try but broken at some higher scales. More complete model with
SU(3)` × SU(3)e symmetry will be discussed elsewhere [10].
show that the lepton mass hierarchy mτ  mµ  me can
be directly related to the hierarchy of U(3)e symmetry
breaking scales. As for the lepton flavor violating (LFV)
phenomena induced by SU(3)e gauge bosons, we show
that they are strongly suppressed since the intermediate
SU(2)e subgroup acts as an approximate custodial sym-
metry.3 The respective scale is allowed to be as low as
2 TeV, without contradicting the present experimental
limits on the LFV processes.4
4. The LH and RH lepton fields of our model are in the
following representations:
`Li =
(
νi
ei
)
L
∼ (2,−1, 1), eRα ∼ (1,−2, 3e) (5)
where we explicitly indicate the multiplet content with
respect to the EW SU(2)×U(1) and horizontal SU(3)e.
This set of fermions is not anomaly free. The ways of the
anomaly cancellations will be discussed in next sections.
We assume that there is only one Higgs doublet φ with
the standard Higgs potential V (φ) = λ(|φ|2−v2w)2. How-
ever, the Yukawa couplings of φ with the fermions `Li and
eRα are forbidden by SU(3)e symmetry. So, for generat-
ing the lepton masses this symmetry should be broken.
For breaking SU(3)e we introduce three flavon fields
ξαn , n = 1, 2, 3, each transforming as SU(3)e (anti)triplet.
The charged lepton masses then can emerge from the
gauge invariant dimension 5 operators∑
n
ginξ
α
n
M
φ`LieRα + h.c. (6)
where gin are order one constants (see upper diagram
of Fig. 1). For having an UV-complete theory, one can
consider these operators as induced form the renormaliz-
able terms via seesaw-like mechanism [4]. E.g. one can
integrate out from the following Yukawa Lagrangian
hφLαeRα +MRαLα +
∑
n
ginξ
α
n`LiRα + h.c. , (7)
the extra heavy vector-like lepton doublets
Lα, Rα =
(
Nα
Eα
)
L,R
∼ (2,−1, 3e) (8)
with a large Dirac mass M (see Fig. 1, lower diagram).
Operator (6) has a global symmetry U(3)e = SU(3)e×
U(1)e, where the abelian part U(1)e is related to the
3 Also the vector-like SU(2) acting on both LH and RH fermion
species has custodial properties [11]. However, it allows degener-
ate mass spectrum which makes problematic the naturalness of
inter-family mass hierarchy.
4 For comparison, the naive lower limit on the scale of flavor
changing bosons is over 100 TeV [12]. In the models [3–5] this
scale was assumed to be close to the GUT scale, and in any
case larger than a PeV, for avoiding the excessive FCNC. For an
exception, see Ref. [13].
3eRα `Li
ϕ ξαn
eRα Lα Rα `Li
M
ϕ ξαn
FIG. 1. Upper diagram represents operator (6) and lower
diagram shows how it can be obtained via seesaw exchange of
heavy vector-like fermions (8).
phase change of fermions eRα and flavons ξ
α
n . In order
to generate non-zero masses of all three leptons e, µ, τ ,
this global symmetry must be fully broken. This means
that all three flavons ξn should have the non-zero VEVs
with disoriented directions. In other words, the VEVs
〈ξαn 〉 should form a rank-3 matrix, which is generically
non-diagonal. Then, without loss of generality, one can
choose superpositions of these fields ξn → Unmξm so that
their VEVs are orthogonal and hence the matrix 〈ξαn 〉
becomes diagonal, 〈ξαn 〉 = vnδαn , or explicitly
〈ξ1〉 =
 v10
0
 , 〈ξ2〉 =
 0v2
0
 , 〈ξ3〉 =
 00
v3
 , (9)
ordered as v3 > v2 > v1 reflecting the steps of the global
symmetry breaking U(3)e → U(2)e → U(1)e → nothing.
By substituting these VEVs in operator (6), it reduces
to the SM Yukawa couplings
Y iαe φ `LieRα+h.c., Y
iα
e =
∑
n
gin〈ξαn 〉
M
= giα
vα
M
. (10)
Without loss of generality, `Li states can be turned to
the basis in which matrix gin has a triangular form and
the diagonal elements g33, g22, g11 are real. Then
Ye =
1
M
 g11v1 0 0g21v1 g22v2 0
g31v1 g32v2 g33v3

=
v3
M
 g11ε˜ε 0 0g21ε˜ε g22ε 0
g31ε˜ε g32ε g33
 (11)
where we denote v2/v3 = ε and v1/v2 = ε˜. The Yukawa
matrix Ye (and the mass matrix Me = Yevw) can be
diagonalized via bi-unitary transformation
Ye → V †LYeVR = diag
(
ye, yµ, yτ
)
. (12)
Hence, the lepton mass hierarchy mτ : mµ : me corre-
sponds to the hierarchy between the scales v3 : v2 : v1.
Namely, neglecting the small ∼ ε2 corrections, we have
mτ =
g33v3
M
vw, mµ =
g22v2
M
vw, me =
g11v1
M
vw . (13)
Let us discuss whether such a hierarchy of the VEVs
can be natural. Since three flavons have identical quan-
tum numbers, their scalar potential has a generic form
V(ξ) = λn
(∣∣ξn∣∣2 − µ2n
2λn
)2
+ λklnmξ
†
kξlξ
†
nξm
+ (µξ1ξ2ξ3 + h.c.) (14)
We assume that all constants λ are say in the range
λ ∼ 0.1 ÷ 1, and the mass terms µ2n, positive or nega-
tive, are of the same order, say within 1 ÷ 10 TeV. The
last (trilinear) coupling µαβγξ
α
1 ξ
β
2 ξ
γ
3 has a dimensional
constant µ which is however allowed (by ’t Hooft’s natu-
ralness principle) to be arbitrarily small since in the limit
µ → 0 the Lagrangian acquires global U(1)e symmetry
respected also by the Yukawa terms (6). In fact, this
latter coupling softly breaks U(1)e and thus reduces the
global symmetry U(3)e to SU(3)e.
For full breaking of gauge SU(3)e symmetry, just two
flavons with non-aligned VEVs are sufficient. An order
of magnitude hierarchy between the scales v2 and v3,
v2/v3 ∼ mµ/mτ , can emerge due to some moderate con-
spiracy of parameters admitting a natural “spread”, say
within an order of magnitude, between the mass terms
and coupling constants of ξ2 and ξ3 in (14). But large
hierarchy v1/v3 ∼ me/mτ at first sight requires a strong
fine tuning. However, in fact small v1 can be obtained
naturally considering the following situation. In the limit
µ→ 0 the VEV matrix 〈ξαn 〉 has rank 2, so that only two
flavons ξ2 and ξ3 get the VEVs vn = µn/
√
2λn, n = 2, 3,
oriented as in (9), because of their negative mass2 terms
in (14). As for third flavon ξ1, it has a positive mass
2
term, i.e. µ21 < 0, and in the limit µ = 0 it remains VEV-
less. However, for µ 6= 0, the last term in (14) explicitly
breaks global U(1)e symmetry and induces non-zero VEV
〈ξ1〉, v1 = µv2v3/µ21. Thus, taking e.g. µ1 ∼ v3, we have
v1/v2 ∼ µ/v3, and µ < v2 would suffice for having v1 in
the needed range.
The unitary matrix VR in (12) connecting the initial
flavor basis of the RH leptons to the mass basis, e1e2
e3

R
= VR
 eµ
τ

R
=
 V1e V1µ V1τV2e V2µ V2τ
V3e V3µ V3τ
 eµ
τ

R
(15)
has no physical meaning for the EW interactions, but
it is meaningful for the LFV interactions mediated by
the gauge bosons of SU(3)e. Since the mixing an-
gles in VR are small, we have (modulo ε
2 corrections)
4V1e, V2µ, V3τ = 1 while for non-diagonal elements we get
V3µ = −g32
g33
ε, V2e = −g21
g22
ε˜, V3e = −g31
g33
ε˜ε . (16)
The other elements in matrix VR can be obtained from
its unitarity.
As for the mixing matrix VL of the LH charged leptons
in (12), it is very close to unit matrix, with non-diagonal
elements ∼ ε2. Therefore, the neutrino mixing angles are
determined by the form of the neutrino mass matrix. The
neutrino masses are induced by higher order operator [14]
Y ijν
M φφ `
T
LiC`Lj + h.c. . (17)
where M is a new scale which in the context of seesaw
mechanism can be related to the Majorana masses of RH
neutrinos. In our scenario the states `Li are not distin-
guished by any symmetry and the matrix Y ijν is a generic
non-diagonal matrix, supposedly with all elements of the
same order. Thus, the unitary matrix Vν which diago-
nalizes it, V Tν YνVν = Y
diag
ν , contains large rotations and
the neutrino mixing angles are expected to be large.
5. Gauge bosons Fµa of SU(3)e, associated to the Gell-
Mann matrices λa, a = 1, 2, ...8, interact as gFµa Jaµ with
the respective currents Jaµ =
1
2eRλaγµeR, where g is the
SU(3)e gauge coupling and eR = (e1, e2, e3)
T
R denotes
the triplet of the RH leptons. Clearly, these currents
are generically FCNC; e.g. those related to non-diagonal
generators λ1,2 transform e1 into e2, etc. Nevertheless,
as we shall see below, the processes mediated by flavor
bosons exhibit no LFV in the basis of eigenstates eR1,
eR2, eR3 of flavor diagonal generators λ3 and λ8.
At low energies the flavor bosons induce four-fermion
(current × current) interactions:
Leff = −g2 Jµa (2M2)−1ab Jbµ (18)
where M2ab is the (symmetric) mass matrix of gauge
bosons Fµa . In the flavon VEV basis (9) this matrix is
essentially diagonal apart of a non-diagonal 2 × 2 block
related to F3 - F8 mixing. Namely, for the masses of
gauge bosons Fµ4,5, Fµ6,7 and Fµ1,2 we have respectively
M24,5 =
g2
2
(v23 + v
2
1), M
2
6,7 =
g2
2
(v23 + v
2
2),
M21,2 =
g2
2
(v22 + v
2
1), (19)
while for the mass matrix of Fµ3 - Fµ8 system we get
M238 =
g2
2
(
v22 + v
2
1
1√
3
(v21 − v22)
1√
3
(v21 − v22) 13 (4v23 + v21 + v22)
)
. (20)
Obviously, the factor g2 in operators (18) cancels and
their strength is determined solely by SU(3)e symmetry
breaking scales v2 and v3. In the following we neglect a
small contribution v21/v
2
2 = ε˜
2  1 in the gauge boson
mass terms and in respective effective operators. Then
g2(2M238)
−1 =
1
v22
(
1 0
0 0
)
+
1
4v23
(
1
√
3√
3 3
)
(21)
Hence, from operators (18) one can single out the one
cut off by the scale v2:
L2 = − 1
v22
3∑
a=1
(Jµa )
2 = − 1
4v22
3∑
a=1
(eR λaγ
µeR)
2 (22)
which involves only eR1 and eR2 states. Using Fierz iden-
tities for λ1,2,3 which in fact are the Pauli matrices, this
operator can be rewritten as
L2 = − 1
v22
(Jµ0 )
2 = − 1
4v22
(eR λ0γ
µeR)
2, (23)
where we denote λ0 = diag(1, 1, 0). The remaining oper-
ators in (18) are related to the scale v3:
L3 =− 1
v23
[
(J˜µ3 )
2 + (Jµ4 )
2 + (Jµ5 )
2
]
− 1
v23 + v
2
2
[
(Jµ6 )
2 + (Jµ7 )
2
]
, (24)
where the current J˜µ3 =
1
2J
µ
3 +
√
3
2 J
µ
8 has a form
1
2eRλ˜3γ
µeR with λ˜3 = diag(1, 0,−1). Hence, λ˜3, λ4 and
λ5 form a SU(2) subalgebra of SU(3)e, and using the
Fierz identities for these matrices one can rewrite (24) as
L3 = − 1
v23
[
(J˜µ0 )
2 + (Jµ6 + iJ
µ
7 )(J6µ − iJ7µ)
]
=
− ε
2
4v22
[
(eR λ˜0γ
µeR)
2 + 4(eR2γµeR2)(eR3γ
µeR3)
]
(25)
where λ˜0 = diag(1, 0, 1). So, operators L2 and L3 do not
induce any LFV transition between eR1, eR2, eR3 states.
In basis of mass eigenstates (e, µ, τ) all currents in-
volved in operators (23) and (25), including those related
to λ0 and λ˜0, should be rotated with the matrix VR (15),
or in explicit form
Jaµ =
(
e, µ, τ
)
R
γµ
V †RλaVR
2
 eµ
τ

R
(26)
In particular, in (e, µ, τ) basis λ0 in operator (23) is de-
formed to λV = V
†
Rλ0VR, or explicitly
λV =
 1− |V3e|2 −V ∗3eV3µ −V ∗3eV3τ−V3eV ∗3µ 1− |V3µ|2 −V ∗3µV3τ
−V3eV ∗3τ −V3µV ∗3τ |V1τ |2 + |V2τ |2

=
 1 ∼ ε˜ε2 ∼ ε˜ε∼ ε˜ε2 1 ∼ ε
∼ ε˜ε ∼ ε ∼ ε2
 . (27)
5and λ˜V = V
†
Rλ˜0VR:
λ˜V =
 1− |V2e|2 −V ∗2eV2µ −V ∗2eV2τ−V2eV ∗2µ |V1µ|2 + |V3µ|2 −V ∗2µV2τ
−V2eV ∗2τ −V2µV ∗2τ 1− |V2τ |2

=
 1 ∼ ε˜ ∼ ε˜ε∼ ε˜ ∼ ε2 ∼ ε
∼ ε˜ε ∼ ε 1
 . (28)
where we indicate the order of magnitude for the LFV
entries in terms of the small parameters ε and ε˜.
6. Let us question now how small the scale v2 can
be without contradicting to existing experimental limits.
The leading terms in (23) give rise to flavor conserving
operators
− 1
4v22
(
eRγ
νeR
)2 − 1
2v22
(
eRγ
νeR
)(
µRγνµR
)
(29)
constrained by the compositeness limits Λ−RR(eeee) >
10.2 TeV and Λ−RR(eeµµ) > 9.1 TeV as reported respec-
tively in Refs. [15] and [16]. Translating the formal defi-
nitions of compositeness scales to the scale v2, we get
v2 = (8pi)
−1/2Λ−RR(eeee) > 2.0 TeV
v2 = (8pi)
−1/2Λ−RR(eeµµ) > 1.8 TeV (30)
Hence, these limits allow the scale of SU(2)e symmetry
to be as small as v2 = 2 TeV or so. As for the flavor-
changing phenomena induced by operators (23) and (25),
they are suppressed by small parameters ε and ε˜ and
agree with severe experimental limits on the LFV even
for such a low scale of flavor symmetry.
E.g. both L2 and L3 terms contribute the following
operator which induces the LFV decay µ→ eee¯:
4Gµeee√
2
(eRγνµR) (eRγ
νeR),
4Gµeee√
2
=
1
2v22
V ∗3eV3µ +
1
2v23
V ∗2eV2µ ∼
ε2ε˜
2v22
, (31)
Its amplitude can be normalized to the amplitude of the
muon standard decay due to the weak interactions
− 4GF√
2
(eLγρνe) (νµγ
ρµL), (32)
where 4GF /
√
2 = 1/v2w, vw = 174 GeV. Hence, we get
Γ(µ→ eee¯)
Γ(µ→ eν¯eνµ) =
1
2
∣∣∣∣GµeeeGF
∣∣∣∣2 ∼ ε˜2ε48
(
vw
v2
)4
. (33)
Hence, for v2 > 2 TeV and ε, ε˜ ≤ 1/20 or so, this branch-
ing ratio is compatible with the existing experimental
limit Br(µ→ 3e)exp < 10−12 [17].
For τ lepton decay modes as τ → µee¯ and τ → 3µ lead-
ing contributions arise from operator (23). From (27) we
get the relevant constants as 4Gτµee
√
2 = 4Gτµµµ/
√
2 =
V ∗3µV3τ/2v
2
2 . Hence, the widths of these decays are sup-
pressed by a factor ∼ ε2/v42 , and are compatible with
the experimental limits [17]. The summary of predicted
branching ratios of relevant LFV processes compared
with experimental limits is given in Table I, with the
parameters ε, ε˜ normalized to a benchmark value 1/20.
Yet another LFV phenomena to be considered is
muonium-antimuonium conversion M(µ¯e) → M(µe¯)
[18]. The relevant operator emerging from (25) reads
−4GMM√
2
(
µRγ
νeR
)2
, GMM =
ε2(V2eV
∗
2µ)
2
8
√
2v22
(34)
Thus the amplitude of M −M transition is doubly sup-
pressed, by a factor ∼ ε˜2ε2 < 10−5 or so, and is much
below the experimental limit |GMM/GF | < 3×10−3 [19].
One loop contribution of flavor bosons to the electron
magnetic moment has no suppression by mixing angles in
VR (the electric dipole gets no contribution at one loop).
By computing parameter ae =
1
2 (ge − 2) with formulas
in Ref. [20], we get:
ae = − m
2
e
8pi2v22
= −8.3× 10−16
(
2 TeV
v2
)2
(35)
which is about 3 orders of magnitude smaller than the
present difference between the experimental [17] and the-
oretical [21] determinations of the electron anomalous
magnetic moment, aexpe − aSMe = (−7.0 ± 3.5) × 10−13.
Similarly, the contribution for muon anomalous mag-
netic moment obtained by substituting me → mµ in
(35), aµ = −3.5 × 10−11(2 TeV/v2)2, is two orders of
magnitude below the existing discrepancy aexpµ − aSMµ =
(2.7± 0.8)× 10−9 [17]. So, these contributions are irrel-
evant for both electron and muon.
Let us remark that potentially also flavons can mediate
the LFV processes. From the effective operators (6), after
substituting the VEV 〈φ〉 = vw we obtain for the lepton
Yukawa couplings with the flavon fields ξn:
hin ξ
α
n`LieRα, hin =
ginvw
M
(36)
which are generically flavor-changing. For example, in
the basis (11) the Higgs mode of the flavon ξ2 which is
presumably the lightest, with the mass µ2 ∼ v2, induces
the following effective operator:
− h32h22
µ22
(τµ) (µµ),
h32h22
µ22
' m
2
µ
v42
(37)
where we have taken into account the relations (13).
Thus, for v2 > 2 TeV, the width of τ → 3µ decay induced
by this operator is more than 12 orders of magnitude be-
low the experimental limit. The width of µ → 3e decay
induced by analogous operator mediated by flavon ξ1 is
also suppressed by many orders of magnitude.
7. Let us remark that for promoting the chiral non-
abelian factors in (2) as SU(3)e, etc. a s gauge symme-
tries, one has to take care of anomaly cancellations. For
6LFV mode Experimental Br. Predicted Br.
µ→ eee¯ < 1.0× 10−12 1
8
(
vw
v2
)4 ∣∣V ∗3eV3µ + ε2V ∗2eV2µ∣∣2 ≤ 1.1× 10−13 (∣∣ g∗31g32g233 ∣∣ + ∣∣ g∗21g22 ∣∣)2 ε˜220ε420 ( 2TeVv2 )4
τ → µee¯ < 1.8× 10−8 1
4
(
vw
v2
)4 ∣∣V ∗3µV3τ ∣∣2 Br(τ → µντ ν¯µ) = 6.2× 10−9∣∣ g32g33 ∣∣2ε220 ( 2TeVv2 )4
τ → µµµ¯ < 2.1× 10−8 1
8
(
vw
v2
)4∣∣V ∗3µV3τ ∣∣2 Br(τ → µντ ν¯µ) = 3.1× 10−9∣∣ g32g33 ∣∣2ε220 ( 2TeVv2 )4
µ→ eγ < 4.2× 10−13 3α
2pi
(
vw
v2
)4|V ∗3eV3µ|2 = 3.1× 10−15∣∣ g∗31g32g233 ∣∣2ε˜220ε420 ( 2TeVv2 )4
τ → µγ < 4.4× 10−8 3α
2pi
(
vw
v2
)4 ∣∣V ∗3µV3τ ∣∣2 Br(τ → µντ ν¯µ) = 8.7× 10−11∣∣ g32g33 ∣∣2ε220 ( 2TeVv2 )4
TABLE I. Experimental limits on the branching fractions for the LFV decays [17] vs. those predicted in our model. For the
LFV decays of τ lepton the branching ratio Br(τ → µντ ν¯µ) = 0.174 is taken into account. In last column we used Eqs. (16) for
the elements of mixing matrix VR, set the scale v2 = 2 TeV from the compositeness limits and parameters ε20 = 20ε, ε˜20 = 20ε˜.
more generality, let us consider
SU(3)` × SU(3)e × SU(3)Q × SU(3)u × SU(3)d (38)
as maximal gauge symmetry under which the different
fermion species form the triplets of independent SU(3)
horizontal groups respectively as
`L ∼ 3`, eR ∼ 3e, QL ∼ 3Q, uR ∼ 3u, dR ∼ 3d . (39)
Then each of these gauge factors would have triangle
SU(3)3 anomalies. For their cancellation, for each triplet
in (39) one must additionally introduce ad hoc fermions
of the opposite chiralities which are the SM singlets and
are triplets under respective horizontal symmetry.
Most interesting possibility is to introduce mirror sec-
tor [22] as a mirror copy of the SM gauge symmetry
SU(3) × SU(2) × U(1), so that for every (LH or RH)
fermion species of the SM, there exists its mirror twin
with the opposite chirality in the identical representation
of the mirror SM’ gauge group SU(3)′ × SU(2)′ × U(1)′
(for a review see e.g. Ref. [23, 24]), and assume that
horizontal symmetries (38) are common symmetries be-
tween ordinary and mirror particles as it was suggested
in Ref. [6]. In other words, for ordinary quark and lepton
species in (39), their mirror twins (‘primed’ quarks and
leptons) should be respectively in representations
`′R ∼ 3`, e′L ∼ 3e, Q′R ∼ 3Q, u′L ∼ 3u, d′L ∼ 3d . (40)
In this picture, the parity can be understood as a dis-
crete symmetry of exchange between ordinary and mir-
ror species, `L ↔ `′R etc. with respective exchange of
ordinary and mirror gauge bosons and Higgses φ and φ′.
As for the horizontal gauge factors (38), they in fact all
become vector-like, with their triangle anomalies recip-
rocally cancelled between the ordinary (39) and mirror
(40) particle species of the opposite chiralities.
In particular, in our model “reduced” to leptons in
which only SU(3)e is considered as a gauge symmetry,
triangle SU(3)3e anomaly is cancelled between the ordi-
nary RH leptons eRα ∼ (1,−2, 3e) and their LH mirror
partners e′Lα ∼ (1,−2′, 3e), where −2′ denotes U(1)′ hy-
percharge of mirror leptons.
Operators (6) must be complemented by similar cou-
plings of flavons ξn with mirror leptons. Hence, we have∑
n
ginξ
α
n
M
(
φ `LieRα + φ
′ `′Rie
′
Lα
)
+ h.c. (41)
Then, if mirror symmetry is exact, i.e. 〈φ′〉 = 〈φ〉 = vw,
the ordinary and mirror leptons should have identical
mass spectra. As for neutrinos, now besides the opera-
tor (17) generating the neutrino Majorrana masses, we
should have its mirror copy generating Majorana masses
of mirror neutrinos, and also a mixed operator between
ordinary ` and mirror `′ leptons [25]:
Y ijν
M
(
φφ `TLiC`Lj + φ
′φ′ `′TRiC`
′
Rj
)
+
Y˜ ijν
M φφ
′ `Li`′Rj + h.c. . (42)
The last operator mixes ordinary (active) and mirror
(sterile) neutrinos, and also can play a key role in co-
leptogenesis scenario which can generate baryon asym-
metries in both ordinary and mirror sectors [26]. Inter-
estingly, if lepton numbers (or better B− L and B′ − L′)
are conserved in each sector, then these operators are
forbidden and all neutrinos remain massless. However, if
the combination (B−L) + (B′−L′) is conserved, then the
last operator is allowed. In this case the neutrinos will
be Dirac particles having masses ∼ v2w/M, with their LH
components living in ordinary world and the RH compo-
nents living in mirror world.
However, introducing of the mirror fermions does not
fully solves the anomaly problem: there remains a mixed
triangle anomaly of hypercharge–flavor U(1) × SU(3)2e.
7For its cancellation, new fermion species should be in-
troduced in the proper representations of the SM and
SU(3)e. There are several ways of doing this. Let us
consider one of possibilities by introducing in our sector,
in addition to the regular leptons (5), the new lepton
species in representations
ELα ∼ (1,−2, 3e;X), ERi ∼ (1,−2, 1;X), (43)
and, for mirror parity, analogous species in mirror sector:
E ′Rα ∼ (1,−2′, 3e;X), E ′Li ∼ (1,−2′, 1;X), (44)
where α = 1, 2, 3 is a gauge SU(3)e index and i = 1, 2, 3
is just for numbering three species. We assign to these
fermions a new charge X of additional gauge symmetry
U(1)X while ordinary leptons have no X-charges. This
additional charge is introduced in order to forbid the mix-
ing of new fermions (43) with ordinary leptons (5) due to
the mass term MELαeRα and the Yukawa terms `LiERjφ
which would ruin the flavor structure induced by the op-
erator (6). It is easy to check that by introducing extra
fermions (43) and (44) the mixed triangle anomalies in-
cluding U(1)× SU(3)2e, U(1)X × SU(3)2e, U(1)× U(1)2X
and U(1)X × U(1)2 are all cancelled.
The new fermions get masses from couplings with
flavons ξn:
yinξ
α
nERiELα + yinξαnE ′LiE ′Rα + h.c. (45)
where yin are order 1 Yukawa constants. Therefore, their
mass spectrum should reflect the hierarchy v3 : v2 : v1 ∼
1 : ε : εε˜. In particular, if v2 is the TeV range, then v1
should be in the range of 100 GeV and thus the lightest
of new leptons will have a mass of this order. In addi-
tion, if U(1)X symmetry is unbroken, then the lightest
of these states should be stable (the heavier ones will de-
cay in to lighter one via SU(3)e flavor boson mediated
operators). Interestingly, the LEP direct experimental
lower limit on the mass of new charged leptons is 102.6
GeV [27]. Such heavy leptons can be within the reach of
new e+e− machines as ILC/CLIC or CEPC/FCC-ee. If
U(1)X symmetry is spontaneously broken, then the mix-
ing of e, µτ with new leptons can be allowed and thus the
latter can be rendered unstable.
Let us turn to flavor gauge bosons of SU(3)3 which now
interact with both normal leptons mirror leptons. Now
their exchange should create mixed effective operators
involving both ordinary and mirror leptons. In partic-
ular, the bosons Fµ1,2,3 mediate the following operators
involving only first two families of ...
1
v22
3∑
a=1
Jµa J
′
aµ =
1
4v22
3∑
a=1
(eR λaγ
µeR)(e′L λaγµe
′
L) (46)
Thus, this operator induces muonium - mirror muo-
nium conversion M(µ¯e) → M ′(µ′e¯′) with GMM ′/GF =
(vw/v2)
2 = 7.6×10−3(2 TeV/v2)2. In difference from the
muonium-antimuonium conversion (34), here is no sup-
pression by small mixing angles. The present limit on
the muonium disappearance reads Br(M → invisible) <
5.7 × 10−6 [29] which is respected for v2 ∼ 400 GeV or
so, however this limit can be improved by several orders
of magnitude as discussed in Ref. [29]. Analogously, this
operator should induce positronium conversion into mir-
ror positronium [30], but for v2 > 2 TeV the positronium
disappearance rate is much below the present experimen-
tal limit Br(o-Ps→invisible) < 6× 10−4 [31].
8. In this paper we discussed phenomenological implica-
tions of horizontal gauge symmetry SU(3)e acting only
in lepton sector, between three families of right-handed
leptons. The lepton mass hierarchy mτ  mµ  me
can be related to the hierarchy of the symmetry break-
ing scales v3  v2  v1. We have shown that the
LFV effects induced by flavor changing gauge bosons
are strongly suppressed due to custodial properties of
SU(2)e ⊂ SU(3)e symmetry and respective scale can be
as small v2 = 2 TeV, which limit is in fact set from the
compositeness limits on the flavor-conserving operators
while the limits obtained from the LFV processes itself
are weaker. Taken into account that the gauge coupling
constant g of horizontal SU(3)e can be less than 1, then
masses of the SU(2)e gauge bosons M1,2,3 ' (g/
√
2)v2
can be as small as 1 TeV or even smaller, and thus can
be accessible at new electron-positron machines.
Analogously to SU(3)e, all SU(3) factors in (38) can
be rendered anomaly along the lines discussed in pre-
vious section, and thus they also can be gauge symme-
tries.5 The quark mass hierarchy can be related with
hierarchies in breaking of SU(3)Q × SU(3)d × SU(3)u
gauge factors, i.e. with the ratios εd = v
d
2/v
d
3 and
ε˜d = v
d
1/v
d
2 for between the VEVs of SU(3)d triplet
flavons, and the same for SU(3)u and SU(3)Q. In this
way, the hierarchy of down quark masses will go para-
metrically as 1 : εdεQ : εdε˜dεQε˜Q and of the up quarks
as 1 : εuεQ : εuε˜uεQε˜Q. The quark flavor violating pro-
ceses mediated by gauge bosons of SU(3)d and SU(3)u
will be suppressed due to custodial symmetry in the
same way as the LFV processes mediated by SU(3)e
bosons. In particular, the operator (sRγ
µeR)
2 which in-
duces K0− K¯0 oscillation (analogously as leptonic oper-
ator (34) induces M −M conversion) will be suppressed
by a factor ∼ ε2dε˜2d  1. This can allow to quark flavor
changing gauge bosons to be in the range of few TeV, in
fact limited only by the quark compositeness bounds. In-
terestingly, the flavor bosons of SU(3)` and SU(3)Q can
give also anomalous contributions imitating the charged
current × current operators of the SM, and so they will
have interference with the latter. E.g. SU(3)` bosons
induce operator (eLγρµL)(νµγ
ρνe) which is nothing but
the Fierz-transformed SM operator (32) responsible for
the muon decay. Analogously, SU(3)Q bosons should
5 Moreover, also some anomaly free combinations of U(1) factors
in (2) can be promoted as gauge symmetries, as e.g. common
U(1)B−L acting between ordinary and mirror sectors [28].
8induce e.g. operator (uLγρcL)(sLγ
ρdL) which also in-
terferes with the charged current operators in the SM.
So, presence of such operators can have impact for the
unitarity tests of the CKM mixing of quarks. Detailed
analysis of these issues will be given elsewhere [10].
As far as the presence of mirror sector is concerned,
mirror matters a viable candidate for light dark mat-
ter dominantly consisting of mirror helium and hydro-
gen atoms [32]. The flavor gauge bosons related to both
quarks and mirror quarks appear as messengers between
two sectors and can give an interesting portal for di-
rect detection via mirror matter scattering off normal
nuclei in detectors [? ]. However, they will also give rise
to the mixing between the neutral ordinary and mirror
mesons. Namely, the lighter flavor bosons induce mix-
ings as pi0 − pi0′, K0 − K0′, etc. [22], with implications
for the invisible decay channels of neutral mesons (for
a recent discussion, see also Ref. [34]). In the super-
symmetric version the respective flavor gauginos, com-
plemented by R-parity breaking, can induce the mixing
between the ordinary and mirror neutral baryons. Inter-
estingly, neutron-mirror neutron oscillation n−n′ related
to physics at the scale of few TeV [35]. can be rather fast,
in fact much faster than the neutron decay itself. There
are some anomalies in existing experiments on n − n′
oscillation search [36] (Recent summary of experimental
bounds on the n−n′ oscillation time can be found in Ref.
[37]). which can be tested in planned experiments on the
neutron disappearance and regeneration [38].
Oscillation between ordinary and mirror neutral parti-
cles are effective if they are degenerate in mass, i.e. mir-
ror parity is unbroken and the weak scales 〈φ〉 = vw and
〈φ′〉 = v′w are exactly equal in two sectors, v′w = vw. How-
ever, the cancellation of horizontal anomalies between
two sectors does not require that mirror parity is un-
broken, and in fact one can consider models where it is
spontaneously broken, e.g. v′w > vw, with interesting im-
plications for mirror dark matter properties and sterile
mirror neutrinos [39] and axion physics [40]. In partic-
ular, the mirror twin Higgs mechanism for solving the
little hierarchy problem, in supersymmetric [23] or non-
supersymmetric [41] versions, needs v′w in the TeV range,
and after all, a scale of few TeV is of interest as a realistic
scale of consistent supersymmetric models [42].
In this paper we demonstrated that in the TeV range
there may exist other sorts of new physics related to the
fermion flavor which can be revealed in future experi-
ments at the energy and precision frontiers. In particular,
the lepton-flavor changing gauge bosons can be as light
as a TeV, or even lighter, since the LFV processes are
strongly suppressed by custodial symmetry reasons. Nev-
ertheless, some of these LFV processes, as e.g. τ → 3mu,
can have widths close to present experimental limits and
can be within the reach of future high precision experi-
ments.
The preliminary version of this work was presented by
B.B. at the European Physical Society Conference on
High Energy Physics EPS-HEP 2017 [43].
[1] S. L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958
(1977); E. A. Paschos, Phys. Rev. D 15, 1966 (1977).
[2] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147,
277 (1979).
[3] Z. Berezhiani and J. L. Chkareuli, Sov. J. Nucl. Phys.
37, 618 (1983); JETP Lett. 35, 612 (1982); JETP Lett.
37, 338 (1983); Sov. Phys. Usp. 28, 104 (1985).
[4] Z. Berezhiani, Phys. Lett. B 129, 99 (1983); Phys. Lett.
B 150, 177 (1985).
[5] Z. Berezhiani and M. Y. Khlopov, Z. Phys. C 49, 73
(1991); Sov. J. Nucl. Phys. 51, 739 (1990); Sov. J. Nucl.
Phys. 51, 935 (1990); Sov. J. Nucl. Phys. 52, 60 (1990);
Sov. J. Nucl. Phys. 52, 344 (1990).
[6] Z. Berezhiani, Phys. Lett. B 417, 287 (1998) [hep-
ph/9609342]; Nucl. Phys. Proc. Suppl. 52A, 153 (1997)
[hep-ph/9607363].
[7] A. Anselm and Z. Berezhiani, Nucl. Phys. B 484, 97
(1997) [hep-ph/9605400]; Z. Berezhiani and A. Rossi,
Nucl. Phys. Proc. Suppl. 101, 410 (2001) [hep-
ph/0107054]; G. D’Ambrosio, G. F. Giudice, G. Isidori
and A. Strumia, Nucl. Phys. B 645, 155 (2002) [hep-
ph/0207036].
[8] Z. Berezhiani and A. Rossi, Nucl. Phys. B 594, 113
(2001) [hep-ph/0003084]; JHEP 9903, 002 (1999) [hep-
ph/9811447]; S. F. King and G. G. Ross, Phys. Lett.
B 574, 239 (2003) [hep-ph/0307190]; Z. Berezhiani and
F. Nesti, JHEP 0603, 041 (2006) [hep-ph/0510011].
[9] L. E. Ibanez and G. G. Ross, Phys. Lett. B 332, 100
(1994) [hep-ph/9403338]; V. Jain and R. Shrock, Phys.
Lett. B 352, 83 (1995) [hep-ph/9412367]; P. Binetruy,
S. Lavignac and P. Ramond, Nucl. Phys. B 477, 353
(1996) [hep-ph/9601243]; E. Dudas, C. Grojean, S. Poko-
rski and C. A. Savoy, Nucl. Phys. B 481, 85 (1996) [hep-
ph/9606383]; Z. Berezhiani and Z. Tavartkiladze, Phys.
Lett. B 396, 150 (1997) [hep-ph/9611277]; Phys. Lett. B
409, 220 (1997) [hep-ph/9612232].
[10] B. Belfatto and Z. Berezhiani, in preparation.
[11] Z. Berezhiani and G. Dvali, Phys. Lett. B 450, 24 (1999)
[hep-ph/9811378].
[12] R. N. Cahn and H. Harari, Nucl. Phys. B 176, 135 (1980).
[13] Z. G. Berezhiani and J. L. Chkareuli, Sov. J. Nucl. Phys.
52, 383 (1990).
[14] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).
[15] D. Bourilkov, Phys. Rev. D 64, 071701 (2001) [hep-
ph/0104165].
[16] S. Schael et al. [ALEPH Collaboration], Eur. Phys. J. C
49, 411 (2007) [hep-ex/0609051].
[17] M. Tanabashi et al. [Particle Data Group], Phys. Rev. D
98, no. 3, 030001 (2018).
[18] G. Feinberg and S. Weinberg, Phys. Rev. 123, 1439
(1961).
[19] L. Willmann et al., Phys. Rev. Lett. 82, 49 (1999) [hep-
ex/9807011].
[20] P. Foldenauer and J. Jaeckel, JHEP 1705, 010 (2017).
9[21] R. H. Parker et al., Science 360, 191 (2018).
[22] T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956);
I. Y. Kobzarev, L. B. Okun and I. Y. Pomeranchuk, Yad.
Fiz. 3, 1154 (1966); R. Foot, H. Lew and R. R. Volkas,
Phys. Lett. B 272 (1991) 67.
[23] Z. Berezhiani, “Through the looking-glass: Alice’s adven-
tures in mirror world,” In “From Fields to Strings: Cir-
cumnavigating Theoretical Physics”, Eds. M. Shifman et
al.: Vol. 3, pp. 2147-2195 [hep-ph/0508233].
[24] Z. Berezhiani, Int. J. Mod. Phys. A 19, 3775 (2004) [hep-
ph/0312335]; Eur. Phys. J. ST 163, 271 (2008). For a
historical overview, see L. B. Okun, Phys. Usp. 50, 380
(2007) [hep-ph/0606202].
[25] E. K. Akhmedov, Z. G. Berezhiani and G. Senjanovic,
Phys. Rev. Lett. 69, 3013 (1992); R. Foot, H. Lew and
R. R. Volkas, Mod. Phys. Lett. A 7, 2567 (1992); R. Foot
and R. R. Volkas, Phys. Rev. D 52, 6595 (1995) [hep-
ph/9505359]; Z. Berezhiani and R. N. Mohapatra, Phys.
Rev. D 52, 6607 (1995) [hep-ph/9505385].
[26] L. Bento and Z. Berezhiani, Phys. Rev. Lett. 87, 231304
(2001) [hep-ph/0107281]; Fortsch. Phys. 50, 489 (2002);
hep-ph/0111116.
[27] P. Achard et al. [L3 Collaboration], Phys. Lett. B 517,
75 (2001) [hep-ex/0107015].
[28] Z. Berezhiani, Eur. Phys. J. C 76, no. 12, 705 (2016)
[arXiv:1507.05478 [hep-ph]]; K. S. Babu and R. N. Mo-
hapatra, Phys. Rev. D 94, no. 5, 054034 (2016)
[arXiv:1606.08374 [hep-ph]]; A. Addazi, Z. Berezhiani
and Y. Kamyshkov, Eur. Phys. J. C 77, no. 5, 301 (2017)
[arXiv:1607.00348 [hep-ph]].
[29] S. N. Gninenko, N. V. Krasnikov and V. A. Matveev,
Phys. Rev. D 87, no. 1, 015016 (2013).
[30] S. L. Glashow, Phys. Lett. 167B, 35 (1986); S. N. Gni-
nenko, Phys. Lett. B 326, 317 (1994).
[31] C. Vigo, L. Gerchow, L. Liszkay, A. Rubbia and
P. Crivelli, Phys. Rev. D 97, no. 9, 092008 (2018)
[arXiv:1803.05744 [hep-ex]].
[32] Z. Berezhiani, D. Comelli and F. L. Villante, Phys. Lett.
B 503, 362 (2001) [hep-ph/0008105]; A. Y. Ignatiev and
R. R. Volkas, Phys. Rev. D 68, 023518 (2003) [hep-
ph/0304260]; Z. Berezhiani, P. Ciarcelluti, D. Comelli
and F. L. Villante, Int. J. Mod. Phys. D 14, 107 (2005)
[astro-ph/0312605]; Z. Berezhiani, S. Cassisi, P. Ciarcel-
luti and A. Pietrinferni, Astropart. Phys. 24, 495 (2006)
[astro-ph/0507153].
[33] R. Cerulli et al., Eur. Phys. J. C 77, no. 2, 83 (2017)
[arXiv:1701.08590 [hep-ex]]; A. Addazi et al., Eur. Phys.
J. C 75, no. 8, 400 (2015) [arXiv:1507.04317 [hep-ex]].
[34] D. Barducci, M. Fabbrichesi and E. Gabrielli, Phys. Rev.
D 98, no. 3, 035049 (2018) [arXiv:1806.05678 [hep-ph]].
[35] Z. Berezhiani and L. Bento, Phys. Rev. Lett. 96, 081801
(2006) [hep-ph/0507031]; Phys. Lett. B 635, 253 (2006)
[hep-ph/0602227]; Z. Berezhiani, Eur. Phys. J. C 64, 421
(2009) [arXiv:0804.2088 [hep-ph]].
[36] Z. Berezhiani and F. Nesti, Eur. Phys. J. C 72, 1974
(2012) [arXiv:1203.1035 [hep-ph]].
[37] Z. Berezhiani et al., Eur. Phys. J. C 78, no. 9, 717 (2018)
[arXiv:1712.05761 [hep-ex]].
[38] Z. Berezhiani, M. Frost, Y. Kamyshkov, B. Rybolt
and L. Varriano, Phys. Rev. D 96, 035039 (2017)
[arXiv:1703.06735 [hep-ex]]; L. J. Broussard et al.,
arXiv:1710.00767 [hep-ex].
[39] Z. Berezhiani, A. D. Dolgov and R. N. Mohapatra, Phys.
Lett. B 375, 26 (1996) [hep-ph/9511221]; Z. Berezhiani,
Acta Phys. Polon. B 27, 1503 (1996) [hep-ph/9602326].
[40] Z. Berezhiani, L. Gianfagna and M. Giannotti, Phys.
Lett. B 500, 286 (2001) [hep-ph/0009290].
[41] Z. Chacko, H. S. Goh and R. Harnik, Phys. Rev. Lett.
96, 231802 (2006) [hep-ph/0506256].
[42] Z. Berezhiani, M. Chianese, G. Miele and S. Morisi,
JHEP 1508, 083 (2015) [arXiv:1505.04950 [hep-ph]].
[43] B. Belfatto, PoS EPS -HEP2017, 660 (2017).
